A non-perturbing and non-perturbed thermometer system in RF field was developed. The probe is composed of (1) C-A thermocouple, wrapped by (2) the conductor, which encircles the C-A thermocouple, and also (3) the insulator of a low dielectric constant in the most outer layer. Production of noises and " hot spots " was prevented by coiling both a part of the cable of the probe and C-A thermocouple at the one of the two ends connected to a temperature monitor.
INTRODUCTION
In vitro experiments and recent review have confirmed that hyperthermia may be an effective method for treating cancer'-".
However, at least two problems have to be settled prior to the clinical application of the hyperthermia, i. e., (1) deep-heating technique and (2) deep thermometry.
Since insertion of a metalic probe into an electro magnetic field gives rise not only to the erroneous indication on the thermometer but also to the modification of the RF field, these technical difficulties have to be solved with respect to exact deep thermometry"'.
Thus, investigations were carried out on the non-perturbing probe, which involved the use of high impedance leads" , and on the probes which utilized changes in the transmission either of temperature-dependent liquid crystals'', or of the light through a thin layer GaAs semiconductor" . Further investigation was made on a phosphor-probe which utilizes the change in the color of the emitted light with phosphor temperature under ultra-violet irradiation".
The metal itself is scarcely exothermic in the RF field but the environment around the metal is exothermic.
Therefore, the thermometer with this metal may be usable in RF field. We investigated the production of noises and " hot stop " , and developed a thermometer which was non-perturbing in the RF field and was preventivd of " hot spot ", regardless of the use of a thermocouple.
This report discribes the results obtained using this newly designed thermometer. Figure 1 shows a diagram of the developed thermometer system . # 1 indicates a digital thermometer, Digitemper TDT-942, (TSURUGA ELECTRIC WORKS LTD .), which has a resolution of 0.1'C/digit; # 2 indicates two 380 pH choke coils which are made of chromel and alumel wires, respectively ; # 3 indicates a 76 PH choke coil which is made by coiling the cable of the probe, and which is positioned 18 cm apart from the junction of the thermocouple ; # 4 indicates the aluminum foil used as a shield . The structure of the probe is shown at the lower part of Fig . 1 . # 5 indicates an enameled C-A thermocouple, 0.1 mm in diameter which connects to the choke coils (# 2) ; # 6 indicates the junction of the thermocouple ; # 7 indicates a copper pipe, 0.3 mm in inner diameter and 0.4 mm in outer diameter which connects to the aluminium foil (#4); and # 8 indicates a Teflon tube, 0.5 mm in inner diameter and 1.0 mm in outer diameter.
MATERIALS AND METHODS

1) Thermometer
2) The measuring system of temperature profiles Figure 2 shows the measuring system of temperature profiles . # 1 indicates a RF generator of 13.56 MHz, RF HYPERTHERMIA TYPE X-1-4 , (YAMAMOTO VINYTER Co., Ltd.). RF is to reach the electrodes (#2) of aluminium foil , in 16,um thickness and in 10 cm diameter, which are adhered to both bottom areas of the muscle-equivalent agar phantom"' (#3), by way of the co-axial cables (#4) (the dotted line indicates the ground line). The phantom is 15 cm in diameter and 10 cm in height and severed into two at the level of 5 cm in height . # 5 indicates the enameled C-C thermocouple 0.1 mm in diameter (ASAHI INDUSTRY Co ., Ltd.) ; # 6 indicates the junction of the thermocouple which is connected with acryl-thread (#7). # 8 indicates the reference thermocouple at 0°C, Model 612-2p , (CHINO MANUFACTURING) ; # 9 indicates the flat bed pen-recorder, Type 3044-22 , (YOKOGAWA ELECTRIC Co., Ltd.). The probe (# 10) of the thermometer (# 11) is placed between the two severed phantoms. The end point of the probe meets the cylindrical axis (Z axis) which ties the centers of the electrodes. The acryl-thread (# 7) traverses the phantom, touching this probe. 3) The measurement of temperature profiles i) Control Prior to RF heating, a pull at the acryl-thread at the rate of 0.5 cm/sec gives rise to scanning of the thermocouple and to a description of temperature profile on the pen-recorder. After that, the thermocouple is brought back to the original point outside the phantom so as not to influence distribution of the temperature rise in the phantom during RF heating.
RF heating was carried out with an output power of 365W for one minute. Immediately after RF heating, the temperature profile was obtained with the second pull at the acryl-thread.
The profile of temperature rise was obtained when the temperature profile prior to heating was deducted from that subsequent to heating"' ii) Probe insertion After the measurement of control, the probe was inserted between the two phantoms, along the acryl-thread. The method of obtaining the profile of temperature rise at the time of probe insertion was the same as in the case of the control. To determine the erroneous behavior of the thermometer ascribed to RF, the values indicated by the thermometer were read.
4) V-I characteristics of thermocouple
The voltage-current (V-I) characteristics of thermocouple was measured in the following method. # 1 in Figure 3 Figure 4 shows the distribution of temperature rise in the direction parallel with the probe. The number on the abscissa indicates the distance from z axis (cm), as interpreted in the Materials and Methods 2) ; the solid line indicates the distribution of temperature rise at the time when the probe was inserted; and the dotted line indicates the distribution of temperature rise at the time of control, i. e., without the probe. The arrow indicates the area for probe insertion.
There is little difference between the two curves. It is thus considered that the probe does not produce any modification of RF field or " hot spot ". Figure 5 shows the values indicated by the thermometer ; the solid circles indicate the values obtained during RF heating ; and the open circles the values obtained at the time when RF is blocked. The thermometer showed a rise at a rate of 0.037°C/second during RF heating.
Although RF was blocked at 60 seconds, neither change in the values indicated by the thermometer, nor RF-induced erroneous behavior of the thermo meter was seen. Further, since no change in the indicated temperature after RF blocking was seen, no production of " hot spot " was suggested.
The temperature indicated by the thermometer at the time of 60 seconds was of 17.9°C and was in agreement with the indicated temperature of the scanned C-C thermocouple.
The solid line in Figure 6 indicates distribution of the temperature rise at the time when the 1 mm diameter grounded copper wire was inserted in the phantom. At that time, the power of RF generator could not rise to 365 W and remained at the level of no more than 310W.
The surroundings around the copper wire became extremely hot at this stage. The dotted line in the figure indicates control without the copper wire whose RF power was of 365 W. Figure 7 shows the V-I characteristics of C-A thermocouple. The number on the abscissa represents the voltage (mV) impressed on chromel. Although a liner relation was evident between the electric current and the voltage, the relation was asymmetri cal with regard to the origin of the co-ordinate axes, and a rectifying function was evident.
DISCUSSION
The experimental results are summarized as follows.
1) The developed thermometer produced neither RF-induced erroneous behavior nor modification of the RF field. 2) When the grounded lead was inserted into the phantom at the RF heating, the " hot spot " was produced around the lead .
3) A rectifying function was noted in C-A thermocouple.
Various devices have been prepared for the thermometer employing metal in the RF field since accurate determinations are difficult to be performed owing to 1) erroneous behavior of the thermometer and 2) development of hot spots in the heated materials"-"). However, the counter-measures remain incomplete for an accurate determination. Accordingly, the probes, which use high impedance lead or optical fiber, have been developed to replace the metal in the thermometer.
The following phenomena are assumed to be the causes of noises of the above mentioned, 1). 1-i) RF flows into the thermometer ; 1-ii) an electric current is sent to the junction and the exothermic reaction is produced when the resistances of the two kinds of metals in the thermocouple differ"' ; 1-iii) when the rectifying function appears in the junction as shown in Figure 7 , the flow-in of RF current gives rise to the development of the voltage in addition to the thermal electromotive force.
Secondly, the following phenomena are assumed to be the causes of "hot spot" of the above-mentioned, 2). 2-i) When metal is placed in the material to be heated with RF, electric current converge on this metal. Further, the electric field around the metal top is sufficient to produce " hot spot ". 2-ii) When the metalic probe is inserted in the RF-heated material, an electric current flows from the metalic probe to the ground by way of the thermometer or is sent to the ground by a stray effect. Thus, electric current converges on the probe as shown in Figure 6 and " hot spot " is produced around the probe.
For the purpose of preventing RF from flowing into the thermometer and the thermocouple, it is necessary to surround the thermocouple and the thermometer with the conductor and to provide a shield. The insertion of the choke coil" indicated by # 2 in Figure 1 makes it feasible to prevent RF from flowing into the thermometer. If necessary, it may be possible to insert a capacitor between the choke coils. The problems of 1-i) to 1-iii) can be solved by wrapping the thermocouple in the conductor. The problem of 2-i) can be solved by wrapping the outside of the shielded probe in the insulator of a low dielectric constant, because the wrapping-up prevents the electric current from flowing into, and out of, the metal. Further, the reduction of frequency of RF leads to an effective performance of this procedure. In the case of 2-ii), the alteration of the middle part of the probe into the form of a coil gives rise to insulation of the probe top from the ground against RF current and maintains the conductivity for the signal of thermocouple.
Even if the thermometer is grounded, the coil contri butes to preventing " hot spot " from developing around the probe.
Further improvement should be undertaken in this probe if a high inductive , low loss (low dielectric tangent), high resistive and low dielectric material could be utilized as a sheath surrounding the copper pipe, instead of the Teflon tube. Thus the choke coil, which was made of the probe cable, can be excluded.
As mentioned above, RF heating hardly induces the direct heating of metal. Thus , the device of a non-perturbing and non-perturbed thermometer, which was consisted of a metalic probe, pertinent at RF heating was proposed.
